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ANALYSIS AND EXPERIMERTAL OBSERVATION OF FRESSURE LOSSES
IN RAM~JET COMBUSTION CHAMEERS

By Williem E. Sterbentz

SUMMARY

Analyses were made to determine the effect of primary variables
on pressure losses resulting from flame-holder drag and from heat
addition in a rem-jet combustion chember. A sudden-expansion flow-
area theory for flame holders composed of a system of elements
arranged approximstely in a single plene is presented. From this
theory, a reasonebly accurate estimate of flame-holder pressure-drop
coefficient was made that may be used in the deslign or estimation of
pexformance of ram Jets.

~ Experimental data on pressure losses resulting from the addition
of heat in combustion chambers were obtalned from wall-statlo-
pressure messurenients and indicate an apprecieble deviation from the
one-dimensional theoretical value of statioc-pressure-drop coefficient.
A ratio of experimental to theoretical value of pressure-drop coef-
ficlent as large as 1.31 was obtained. The percentage difference
between theoretical and experimentel data varied with flame-holder
design and cambustion-chamber conditions.

INTRODUCTION

Knowledge of pressure losses within combustion chambers of ram
Jets 1s required in at least two important applications: (1) design
and estimstion of ram-Jet performance; and (2) determination of
combustlon-gas temperature rise from & measurement of the drop in
combustion-chamber static pressure, if direct temperature measure-
ments are not feaslble. The pressure losses In coambustion chambers
result primerily from the aercdynemic drag of flame holders and from
the addition of heat to the gases.

Some experimental date on flame-holder pressure losses have
been presented (references 1 to 4). A theoretical analysis that
assumes a sudden enlargement of flow area was mede at the NACA Tewls
laboratory to determline the effect of fleame-holder open area and
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combustion~chamber-inlet Mach munber on the pressure losses across
flame holders. The results of this analysis were then compared
with experimental deta obtained with several different flame-holder
designs.

Theoretical analyses of pressure losses and velocity changes
due to heat addition in constant-area combustion chambers by assum-
ing one~dimensional frioctionless flow are described in reference 5.
In order to determine the agreement of the results of the one-~
dimensional theory (reference S) with the results of experimental
ram-Jet data, a comparison was made of the pressure-loss results of
this theory with pressure-loss data obtained from ram-Jet-wall
static-pressure measurements.

SYMBOLS
The following symbols are used in this report:
cross-gectional area, square feet

total-pressure-drop coefficient

area~contraction coefficient

X H o »F

Mach number

mass flow rate, slugs per second

bv B

total pressure, pounds per square foot absolute
static pressure, pounds per square foot absolute
dynemic pressure, pounds per squere foot

ges constant, foot-pounds per °F per pound

total temperature, °R

¢ H W oo o

statlc temperature, °R

veloclty, feet per second

<

V4 ratio of specific heat at constant pressure to specific
heat at constant volume
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p density, slugs per cublc foot

Subscripts:

1 combustion-chamber inlet
2 cambustion-chamber outlet
£ flame-holder statlon

v vena-contracta station

PRESSURE LOSSES DUR TO FIAME-HOLDER DRAG
Theoretical Analysis

Flame holders used in ram-Jet cambustion chambers are desgsigned
to create turbulent and eddying motions in the gas stream. This
condition is generally sccomplished by & device such as & system of
gutters, flat plates, cones, and similar elements that provide a
sudden enlargement of flow area into which the alr stream expands.

An ldealized concept of the flow oconditions about flame
holders composed of elements approximately in a single plane is
shown in figure 1. The area of the vena contracta (station v)
is the product of the flame-holder open area Ap and the area-
contraction coefficient K. This coefficient i1s primerily
dependent on the shape of the approech to the enlargement section
(stations 1 to £). In general, a decresse in the value of the
contraction coefficlent is obtained with an increase in the abrupt-
ness of the area contraction from statlions 1 to f.

In this analysis, the method of calculating pressure losses
resulting from sudden expansion of flow area has been applied. From
the considerations of conservation of mass, energy, and momentum,
the following equations (derived in the appendix) can be stated,
which relate the total-presaure ratio across a flame holder to the
effective open.area of the flame holder K(Af/Al) and the combustion-

chamber-inlet Mach number Ml- The friction losses along the surfaces
of the flame holder are smell end have been neglected.

The following expression, derived in the appendix as equation (A3),
is obtained from the conservation of mass and energy between stations v

and 2:
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2
Py Ap My 1 + My (1) -
P A Ma\, 221 2 9
2 v ~

vhere KAp equals Ay.

A second expression descridbing the flow condltlons sabout a
fleme holder, as illustrated in figure 1, is furnished from the
conservation of momentum assuming A, equal to A; &and from the

oconservetion of mass and energy. (See egquation (AS).) Thus

=1 =1
M22=E]:. .]L:_i..h.i?_z. KAerz-l-}_ - 1 (2)
P2 1+15in2 K 4 4

Equations (1) and (2) assume the existence of adisbatic flow.

The third expression relating M, %o the combustion-chember-
inlet Mach number M; 1s obtalned from a statment of the conservation

of mass and energy between stations 1 and v, assuming the existence
of isentropic flow. (See equation (A8).) Thus

25+llj

=1 r=

e M 1e T wp )
II MT 1+ 251 Mlz

From a graphic simultaneous solution of equations (1), (2),
and (3), the total-pressure ratio across the flame holder Fy/P;

can be solved in terms of the effective open-area raﬁio of the flame
holder K(Ap/Aj) and the combustion-chember-inlet Mach number M.

A parsmeter more commonly used to express the total-pressure drop

across a flame holder, however, is the total-pressuxe-drop coefficient

C. A general expression relating C to M;, in terms of the total-

pressure ratio between stations 1 end 2, can be derived from the

definition of C. Thus .
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P1-Fp
C= n (42)
or
L
-1 7
CB( -f-2->(l+-L2—M'12) (4b)
P % mlz

The solution of equation (4b) by using values of Py/P; obtained
from equations (1), (2), and (3) is plotted in figure 2 as the varia-

. tion of C with M; eand E(4/A)) for 7 equals 1.4. A plot of

equation (4b) 1s also presented in figure 3 and can be used to
determine values of Pp/P; for various values of C and M;.

Experimental Evaluation of Area-Contraction Coeffiocient

Use of figure 2 requires the selection of a value of the area-
contraction coefficient K that can be experimentally determined.
The veriation of K as & function of M; for various flame-holder
designs (fig. 4) with elements approximetely in a single plane normeal
to the direction of air flow are presented in figures 5 and 6. The
values of K were campubed from experimentelly determined values
of My, C, and Ap/Ay (figs. 5(b) and 6(b)) and the theoretical
curves presented In figure 2. The flame holders studied include:
(1) designs having approximately the same values of Ap /Al, but
varlous sizes, shapes, and srrangements of fleme-holder elements
(Pigas. 4(a), 4(b), and 4(e) to 4(g)); and (2) designs having the
same elements In a similar arrengement but different wvalues of
ApfA; (figs. 4(e) end 4(h)). Values of Ap/A; Tange from 0.70

for a cone~-type fleame holder (fig. 4(c)) to 0.46 for two gutter-
grid flame holders (figs. 4(f) amd 4(g)). .

Experimental data indicated that a reasonably accurate estimate
of pressure-drop coefficient could be maje from the sudden~expansion
Plow-ares theory if a value of srea-contraction coefficient between
0.8 and 0.9 was assumed. Only slight variation of K with M; over

a range of M; from about 0.08 to 0.20 wes obtained for the different
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flame holders studied (figs. 5(a) and 6(a)). The average value of
K for an anmmular-V-gutter fleme holder with a three-row series of
1/4-inch perforations in the annular gutters was about 0.95. This
computed value of K 1is larger than the values obtained for the
other flame holders, presumebly because the projected open area of
the perforations waa not included in the messurements of the flsme-
holder open area Ap.

Another type of flame holder in use consists of a complex
arrangement of gutters, plates, cones, and similar elements located
in several staggered planes. The pressure-drop coefficient for such
flame holders camnot be determined from the theory presented for the
gingle-plene flame holders.

PRESSURE LOSSES DUE TO HEAT ADDITION
Theory

The equations that follow (derived in reference 5) describe the
changes In pressure and velocity occurring in & one-dimensional non-
viscous gas stream flowing in a constant-area combustion chamber to
which heat 1s added. Heat is firat added after station 1 in such =2
manner that the total temperature of the fluid remains uniform over
the cross sectlon of the combustion chamber., In the same manner,
additional heat is gradually added as the ges streeam flows through
the combustion chember to station 2.

From reference 5 » the varlation of combustion~chamber-outlet
Mach number Mz wilth cambustion-chamber-inlet Mach nmumber M; and

total-~-temperature ratio Ty /Tl is glven by the following expression:

2 2 ro=l 2
-y -
Ri/\T/ \M/\?"/\1+ 9, m2/\1 + 77Ty 2 |
2 My !

Equation (5) was derived from eguations of the conservation of mess
and momentum between stations 1 and 2. The expression for the static-
pressure-drop coefficlent of the gas streem, given in reference 5 in
terms of the combustion-chamber-inlet and outlet Mach numbers and the
ratio of the specific heats at the combustion-chamber inlet and outlet,
is

i A P Y
IR INT AT
S Sa S = TR

1187
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) 2\ /i 2
1P (i M7 (6)
a 2 2
1 1+72M /\My 71

This expression was derived from the conservation of momentum.

The solution of equation (5) 1s plotted in figure 7 and glves
the graphic variation of Mz with M3 and (Rz/R1)(T2/Ti) for
7, equals 1.4 and 7o egquals 1.5. When the values of My from

figure 7 are substituted in equation (6) and the expression solved,
the verlation of (py-pp)/e; with M; amd (Ry/R;)(Tp/Ty) for

7, equals 1.4 and 7, eguals 1.3 can be obtained (fig. 8). A

similar curve in terms of the total-pressure loss is glven in ref-
erence 5,

Although the foregoing egquations have assumed & one-dimensional
nonviscous gas stream in the combustion chamber, the same variebles
might describe the pressure losses due to only heat addition in com-
bustlon chambers in which the flow 1is viscous and three dimensional.
It should not be expected, however, that the guantitative values pre-
dicted by equations (5) and (8) will necessarily apply.

Comparison with Experiment

A comparison of experimental date obtained from a typlcal 20-inch
ram-Jet configuration for different burners wlth the theoretical curves
in figure 8 1s presented in figure 9. The static-pressure-drop coef-
ficient across the combustion chamber 1s plotted as a function of the
total-temperature ratlo across the combustion chember. In each case,
the cold statlic~pressure-drop coefflcient of the flame holder is not
included as a portion of the combustion-chamber static-pressure-drop
coefflclent. The values of the cambustlion-chember-inlet Mach number
for the data points are also glven in figure 9.

The data in Pigures 9(a) to 9(c) were obtained with a ram Jet
having a S5-foot cambustion chamber and a 2-foot converging exhaust
nozzle. Date for a similar ram Jet having an 8-foot combustion
chember and a 2-foot converging exhaust nozzle are presented in fig-
ure 9(d). The drop in static pressure through the exhaust nozzle was
not included in the computation of the static-pressure-drop coefficient.

The experimental date show an apprecisble deviation from the
theoretical value of pressure-drop coefficient. For example, the
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meximum ratio of experimental to theoretical value of pressure-drop
‘coefficient ranged from 1.15 for a configuration with a flame-holder
open-area ratio of 0.64 at Tz/Tl equals 3.2 and M; equals 0.129

to a value of 1.31 for a conflguration with a flame~holder open-area

ratio of 0.49 at Tz/Tl equals 5.9 and M, eguals 0.141 (figs. 9(a)

and 9(d)). As indicated in figure 9, the percentage difference
between theoretical and experimentel deta will vary with flame-holder
deslgn and combustion-chamber flow conditions. The differences
between theoretical and experimental values of (Pl'Pz) /ql presumably

result from: (1) the possible existence of & nonuniform statice
pressure profile over the combustion~chamber cross section due to
tangential and radiasl velocity components; (2) the effects of a
three-dimensional cambustion-chamber-inlet flow pattern introduced
primerily by the flame holder; and (3) the effect of the pattern of
heat edditlon throughout the combustion chamber.

Thus, the one-dimensional, compressible, nonviscous flow theory
epplied to an enalysils of combustion-chamber pressure changes result-
ing from the eddition of heat to the flowing gases glves values of
preggure losses that may be sufficiently accurate for use in designing
ram-Jot combustion chambers. An appreciable error in the determi~
nation of T /I‘l, however, may result If thls guantity is obtained

from an experimental meassurement of the drop in wall static pressures
along the combustion chamber as given by this theory. Application of
the theoretical analysis to a ram-Jet temperature-rise meter or fuel-
metering control by proper calibration of the instrument may be
accomplished, as shown in reference 4.

SUMMARY OF RESULTS

From a theoretical and experimental study of pressure losses in
rem-jot cambustlon chambers resulting from flame-holder drag and from
heat addition, the following results were obtalned:

1. A reasonable estimate of flame-holder pressure-drop coefficlent
for flame holders composed of & system of elements approximately in a
single plane was made from the sudden-expansion flow-area theory.
Quantities required for the estimete were the flame-holder open-ares
ratio, the combustion-chamber-inlet Mach number, and a value of area-
contraction coefficlent experimentaelly found to be between 0.8 and 0.9.

RN IR LA,
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2. Experimental data on wall-statlic~pressure losses due to heat
eddition indicated en apprecilable deviation from the theoretical
value of pressure-~drop coefficient. A ratio of the experimental to
the theoretical value of pressure-drop coefficilent as large as 1.31
wag obtalned. The percentage difference betwesn theoretlcal and
experimental data varied wlith the flame~holder configuratlion and with
combustion~-chember conditions.

Lewis Flight Propulsion Laboratory,
Natlonal Advisory Commlittee for Aeronautics,
Cleveland, Ohio.
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APPENDIX - THEORETICAL ANALYSIS OF FLAME-HOLDER PRESSURE LOSSES

In the following aenalysis, a one-dimensional, nonviscous, com-
pressible fluid flowing about a flame holder mounted in a constant-~
area dvet is assumed. (See £ig. 1.} The first condition that
describes the motion of fluid about the flame holder 1s the equation
for the conservation of mass.

n = D.v.KAva = pzAle (Al)

When equation (Al) is written in terms of Mach number, the
following relation is obtained:

L

Chae () ®
2 ) KAer (.t2> (a2)

Because Ty = T2 and Py cen be assumed equal to Py with
little error, equation (A2) becomes in terms of total pressures

+1

y=1 . 2 2%7'15
-P—2=KA—I:-& 1+ Mo
Py 4 Mg 1+ =1 MVZ

The second condition describing the motion of fiuild sbout the
flame holder illustrated in figure 1 1s furnished by the conservation
of momentum eguation

|7

(a3)

nV_ = oV, + A, (Pz-Dy) (a4)

or, in terms of Mach numbers and total pressures,

-1 . 2\’
w2 B (1t T M (cEnied)-i
PZ l+z_é_];Mvz A'l 7 7l
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The f£inal equation is obtained from & statement of equation (Al)
in terms of conditions at stations 1 and .

+1
- 2%7-15
A My 1+ Bt

‘KAlEM_v l+%1M12 (a8)

From equetions (A3), (AS5), end (A8), the total-pressure ratio
Pp/P; can be graphicelly solved in terms of K(Ap/A;) and M.
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Figure 4. - Schematlic dlagrams of single-plane flame holders.
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L Enlargement of cone section

(c) Cone-type flame holder; Ap/A; = 0.70.
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(e) Standard gutter-grid flame holder; Ap/Ay = 0.47.

Flgure 4., =- Continued, Schematic diagrams o‘I__‘_single-:plane flame holders.




- - -

NACA RM ESHIQ9

Air
flow
12"
T~/
Bl
Enlargement of gutter section

(f) Three-quarter-scale gutter-grid flame holderj Ap/A, = 0.46.

Sk

—
>

=

16

Air
T : i
@

Enlargement of gutter section

(g) Double-scale gutter-grid flame holder; Ag/A; =, 0.46.

0 S
| ST T .
Inches

10
C

NNV V \/ ]

Alr
-] flow /L\
1,2

Enlargement of gutter section

(n) l.4-spaced gutter-grid flame holder; Af/A1 = 0.62.

NACA

FPigure 4. - Conecluded. Schematic diagrems of single-plane flame holders.



18 INFIDEMT: NACA RM EQHI9

Flame holder Flame-holder
_ . open-area
ratio, Ap/Aq
0 Perforated
ammular-V
gutter 0.49
M ¢ Cone type 70
- A Seven-V gutter «59
£ v Three-V gutter «50
8 .
3}
[a)
ol
@4 1.0
8 . . O
8
o]
°
.8 Pt s
& 5 ——]
o r
(o] .
T
o
[H]
& .s
(2) Area-contraction coefficient.
(&)
‘g 3
@
H — __]
3 PR
4 = v
S 2
(3]
(3
o o (]
? - — o —— —
o [4Y
B
§ - —r —<
N
¥ A
o) : ]
8 .04 .08 12 116 20 - .24

Combustion-chamber-inlet Mach number, M;
(b) Total-pressure-drop coefficlent.

Figure 5, = Variation of flame-holder total-—pressure-—drop coefficient
and area~contraction coefficient with combustion-chamber-inlet Mach
number for various single-plane flame holders Jdf different designs,
No combustion.
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Figure 6. ~ Variation of flame~holder total-pressure-drop coefficient
and area=-contraction coefficient with combustion-chamber-inlet Mach

number for single-plane flame holders of same design but different
geonetrlic scales, No combustion.,
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